In the course of their biological function, peptide hormones must be transferred from an aqueous phase to the lipid-rich environment of their membrane-bound receptor proteins. We have investigated the possible influence of phospholipids in this process, using 360-MHz 'H and 90-MHz 13C NMR spectroscopy to examine the association of the opioid peptides [Met]-and [Leu]enkephalins (Tyr-Gly-Gly-Phe-Met/ Leu) with phospholipid micelles. Binding of peptides to lipid was monitored in NMR spectra by selective chemical shift movements (e.g., the Phe aromatic ring protons) and residuespecific line broadening (e.g., of Met/Leu carbonyl-and acarbon resonances). Results established that the zwitterionic hormones associate hydrophobically both with a neutral lipid (lysophosphatidylcholine) and (also electrostatically) with a negative lipid (lysophosphatidylglycerol). An association cohstant of Ka = 3.7 x 101 M-1 was calculated for the hydrophobic binding of enkephalin to lysophosphatidylcholine. NMR data suggested that enkephalin binds to the lipid with Met/ Led, Phe, and likely Tyr side-chain substituents associated with nonpolar interior regions of the micelle, whereas the COOH-terminal carboxylate moiety of the peptide is located in the surface of the lipid particle. An "attraction-interaction" model is proposed for hormone-lipid association wherein negative lipids attract the hormone electrostatically, while sitespecific hydrophobic contacts facilitate its entry, concentration, and orientation into the lipid phase.
Aqueous-soluble proteins and peptide hormones are often bound to or transferred into membranes in conjunction with their biological functions. Because a hormone as well as its membrane-embedded receptor protein contain potential sites of association with lipids, one may hypothesize that surrounding endogenous phospholipids could potentially play any of several roles in mediating the transfer. These could include: facilitating the capture, entry, and concentration of the aqueous-soluble hormone or neurotransmitter into the microenvironment of the receptor; orienting the peptide in the membrane vis-d-vis the receptor by restricting molecular motions; and/or, in a more specific function, con- verting the hormone into a conformation required for eliciting biological activity.
These circumstances are relevant to the enkephalins-the peptide neurotransmitters that compete with morphine and its derivatives for opiate binding sites in the brain (1) . To examine the above possibilities, we have initiated a study of some enkephalin-lipid complexes to determine (i) whether hydrophobic interactions as well as electrostatic attractions contribute significantly to their stabilization, particularly in complexes with zwitterionic (net neutral) lipids, and (ii) the extent to which these interactions influence hormone motional and conformational parameters.
Physicochemical studies of the association of materials such as insulin (2) , glucagon (3) , and the apolipoproteins (4) with membrane preparations in vitro have been performed to determine the specific manner through which phospholipids contribute to their functioning in vivo. Enkephalin itself has been shown to associate through ionic attraction to negative lipids such as phosphatidylserine (5) . Using high-resolution 1H and 13C NMR techniques, we have now obtained evidence for hydrophobic interaction of two endogenous 1 2 3 opioid peptides, [Met]-and [Leu]enkephalin (Tyr-Gly-Gly- 4 5 Phe-Met/Leu), with a neutral phospholipid, lysophosphatidylcholine (lysoPtdCho). The peptides also interact through a combination of electrostatic and hydrophobic interactions with the anionic lipid lysophosphatidylglycerol (lysoPtdGro). In addition, we have been able to infer specific sites on the peptide of major interaction with lipid and to obtain a quantitative measure of the hydrophobic component of peptide-lipid interaction. The possible role(s) of endogenous phospholipids is evaluated on the basis of these data.
MATERIALS AND METHODS
[Met]Enkephalin (Tyr-Gly-Gly-Phe-Met; Bachem Fine Chemicals, Torrance, CA), [Leulenkephalin (Tyr-Gly-GlyPhe-Leu; Fluka, Hauppauge, NY), egg L-a-lysoPtdCho (Sigma), L-a-lysoPtd-DL-Gro (Sigma), and praseodymium nitrate pentahydrate (99.9%; Alfa-Ventron, Danvers, MA) were used without further purification. NMR samples were prepared with a peptide concentration of 8.72 mM for 1H NMR and from 27.3 to 28.2 mM for 13C NMR studies. Lipid concentrations, given in figure legends, were generally above critical micelle concentration levels (6) Fig. 2B ). It is emphasized that throughout all additions of lipids, the pH remained constant ±0.1 unit. The Gly-3 carbonyl-carbon resonance also reflected the "titration" behavior between 0 and 1:1 molar ratio of lysoPtdGro/peptide ( Fig. 2A) vs. its relative insensitivity to added lysoPtdCho (Fig. 2B ). An overall comparison of the trends above 1:1 lysoPtdGro/ peptide in Fig. 2A and lysoPtdGro. Similar phenomena are observed in the acarbon region of micelle-bound peptides (Fig. 3) (Fig. 4) ; resonances near 7.35 ppm moved upfield and eventually emerged from the resonance envelope (Fig. 4 , spectrum E), while simultaneously resonances initially near 7.32 ppm crossed these and moved downfield. § Reversing the order of addition by adding [Metlenkephalin to a solution of lysoPtdCho micelles at the ratio given in Fig.  4 , spectrum C, produced identical spectra. Additions of lysoPtdCho up to a 30-fold molar excess produced no spectral shifts beyond those observed in Fig. 4 , spectrum E. Upfield movements of other Phe and Tyr proton resonances in these spectra were also detected. A general ca. 4 (Fig. 4) , and (by approximating the 6-fold molar excess IysoPtdCho experiment as the "endpoint") from the Phe carbonyl-carbon resonance (Fig. 2B) 1H and '3C NMR spectra likely reflects the effective increase in molecular weight and concomitant restriction to molecular motion of the enkephalin bound to a lipid particle. However, the COOH-terminal Met (Fig. 1, spectrum D) and Leu (not shown) carboxylate-carbon resonances and corresponding a-carbon resonances (Fig. 3 , spectra B and C) exhibit a more significant increase in linewidth. That the most negative site in the enkephalin molecule appears to be the most motionally restricted upon micelle binding may be explicable by its proximity to principal sites of hydrophobic anchoring to the membrane-i.e., the Met/Leu and Phe side chains. More likely, because broadened resonances are frequently observed for carbons located near lipid particle surfaces (15, 16) , the enkephalin COOH-terminal residue may be incorporated into the surface region of the micelle. Indeed, linewidths of lysoPtdCho and lysoPtdGro backbone carbon resonances (data not shown) are comparable to linewidths of resonances observed for the Met carbonyl-carbon in bound
[Met]enkephalin (Fig. 1, spectrum D) and the Leu a carbon in bound [Leulenkephalin (Fig. 3, spectrum B) . Thus, one could envisage that enkephalin monomers are located throughout the micelle with negative ends facing water in positions corresponding to those of lipid phosphate groups. Table 1 represent only the hydrophobic interactions of enkephalin to lysoPtdCho micelles. The binding of the Tyr amino group to lysoPtdGro molecules-manifested by the titration-like behavior of the proximal Tyr carbonyl-carbon resonance ( Fig.  2A ) between zero and one equivalent of added lysoPtdGrois essentially complete at 1:1 lysoPtdGro/enkephalin and signals the affinity of this group for (the lysoPtdGro) phosphate as a counter ion (vs. ambient CF-or OH-). Although this electrostatic binding to lysoPtdGro did evoke shifts that were absent in the lysoPtdCho experiment [e.g., in the Gly-3 carbonyl-carbon resonance ( Fig. 2A)] , it is evident that chemical shift movements in most resonances continue to occur above the 1:1 lysoPtdGro/enkephalin ratio, likely representing the hydrophobic component of the overall lysoPtdGro binding to enkephalin.
Measurements of Ka values from spectra of the lysoPtdGroenkephalin system were complicated by the dual contributions of electrostatic and hydrophobic components. In one set of calculations using the resonance of the Tyr aromatic C carbon-a hydrophobic interaction site that displayed parallel behavior with both lysoPtdCho and lysoPtdGro-values were obtained of Ka = 3.2 x 101 M-1 for the lysoPtdCho complex and Ka = 5.2 x 101 M-1 for the lysoPtdGro complex. However, this lysoPtdGro Ka value clearly underestimates the local attraction of the enkephalin Tyr amino group to lysoPtdGro; attempts to obtain Ka from the Tyr carbonyl-carbon resonance ( Fig. 2A) Preparations of isolated opiate receptor proteins (19, 20) and, indeed, many membrane proteins (21, 22) appear to require lipid for preservation or restoration of activity. The putative role for these protein-associated lipids has been one of ensuring the maintenance of the biologically relevant protein conformation. However, some current models of opiate receptors specifically incorporate functional lipid with protein (23) . In addition, several examples have been reported of lipids that themselves function as receptors (for a review, see ref. 24) , the best characterized system being the ganglioside GM, surface membrane receptor for cholera toxin (25, 26) .
Association constants (Ka) measured for enkephalinlysoPtdCho complexes ( Although the overall enkephalin-lipid association may be relatively nonspecific (membranes adsorb a variety of substances), a further role for lipid in peptide hormone action may be one of concentrating the hormone into the membrane such that the effective concentration of the hormone in the microenvironment of the receptor is higher than in the bulk solution.
The greater strength of electrostatic vs. hydrophobic forces and the preponderance of negatively charged membrane lipids encountered by enkephalins in vivo (phosphatidylserine, cerebroside sulfate) suggests to us an attractioninteraction model for the binding of enkephalin to phospholipids. In such a model, electrostatic forces could represent a necessary condition for activity [i.e., the nucleation step in the "zipper" model of Burgen et al. (35) ], while site-specific hydrophobic binding of lipids to strategic residues in the peptide hormone could modulate the propensity for hormone transfer to the membrane phase and conceivably aid in influencing the specific orientation of the peptide as it diffuses toward its receptor protein.
We 
